Introduction
Modern optical rotation (OR) detectors are based on magneto-optic principles of measurement. Compensation of OR by the Faraday effect requires a crossed Nichol prism system. Thus, the detector measures the OR without spectral diffraction of the incident light to make up for the deficiency of the sensitivity. Moreover, it produces absorbance-related artifact peaks due to the slow response, so the detection is confined to the visible region where the analytes have almost no absorbance bands. An attempt was made to improve the OR instrumentation by employing a laser beam as a light source, [1] [2] [3] and some applications have been reported. [4] [5] [6] [7] When the Faraday rotator is included, even the laser OR detector is not effective enough. There is no disagreement on the point that a circular dichroism (CD) detector is more sensitive compared with an OR detector, 8 but the CD gives no signal in the regions with no absorption. To solve these problems, we have proposed a non-crossed Nichol type OR detector with a polarizing modulation system, 9 and have evaluated this system by applying it to actual samples. 10 In this optical system, a retardation plate and a polarizing prism are put on the two sides of the flow-cell in a conventional CD detector and the optic axis of the prism is rotated by 45 with respect to the optic axis of the stationary prism, thus resulting in sufficient transmitted light. The small time constant of this system makes it possible to detect OR in the UV region where an analyte may have an excellent optical rotatory dispersion (ORD). However, the retardation plate for OR detection had to be changed for each wavelength, because the phase shift created by the plate depends on the wavelength. Therefore, there is an urgent need for a phase retardation device to replace the quartz plate.
Phase retardation can also be obtained by reflection. One subject that has received a lot of attention is the polarization characteristics of short pitch gratings. [11] [12] [13] In a Jasco CD-2095 detector, polarized light from a polarizing prism is directed at the grating. If the grating works as a phase retarder, an expensive polychromatic retarder such as a Babinet-Soleil compensator would be unnecessary. Although many studies have examined the retardation phenomena of zero-order beams, little is known about the retardation characteristics of diffractive beams. Our approach was to confirm the occurrence of phase retardation in first-order beams by measuring ellipsometric data with a spectroscopic ellipsometer. The angle of the input polarization with respect to the grooves of the grating is then optimized by measuring the OR peak heights of D-and L-glucose. We also measured ORD curves.
Experimental
A blazed diffraction grating (1200 lines mm -1 , 250 nm, Edmund Optics, Barrington, NJ) was used to measure the phase retardation of the first-order beam. A new type of optical rotation (OR) detector based on the phase retardation of the first-order diffraction beam has been constructed. The proposed detector responded to only OR properties by eliminating the circular dichroism (CD) effect. Thus, it could measure the optical rotatory dispersion curves in the Cotton band. Although the optical system requires the incident beam in which the phase retardation is 0.5π, the actual retardation was estimated to be around 0.3π. It means that the OR signal intensity can be doubled. Since the proposed detector works over a range of UV wavelengths, there was a compound whose OR signal intensity was higher than the CD signal intensity. The OR detection was superior to CD in stability and in defining the baseline. The LC system consisted of a Shimadzu (Kyoto, Japan) LC-10AT pump, a Jasco (Hachioji, Japan) DG-2080 degasser, a GL Sciences (Tokyo, Japan) CO-631 column oven, and a Rheodyne (Cotati, CA) 7125 injector. The OR detector was constructed by using the optical system of a Jasco CD-2095 Plus detector. A prototype flow-cell assembly, of which the light path length was 10 mm, was used. A Glan-Taylor prism (1 cm square, Sigma Koki, Tokyo, Japan) was placed on the transmitted beam side of the flow-cell and its polarizing axis was inclined by 45 from the optical axis of the photoelastic modulator (PEM) of CD-2095 ( Fig. 1 ).
Sugars were analyzed on a 15 cm × 6 mm i.d. amino column (DC-613, Shodex, Tokyo, Japan) at room temperature. Acetonitrile-water (5 + 3) was used as the mobile phase at a flow rate of 0.6 mL min -1 . Methyl mandelate was analyzed on a 15 cm × 4.6 mm i.d. reversed-phase column (Inertsil ODS-3, GL Sciences) maintained at 40 C. Acetonitrile-water (3 + 2) was used as the mobile phase at a flow rate of 1.0 mL min -1 . 4-Androstene-3,17-dione was purchased from MP Biomedicals (Solon, OH). HPLC-grade acetonitrile, glucose enantiomers, and methyl mandelate were purchased from Wako Pure Chemicals (Osaka, Japan). Water was purified with a Toray (Mishima, Japan) LV-408 ultrapure water system. Figure 1 shows a schematic illustration of the current detection arrangement, together with their Mueller matrix expressions. 14, 15 Here, α is the phase retardation of the diffractive beam, γ is the modulator retardation of the PEM, and f and δ represent the circular dichroism and the optical rotation of the sample, respectively. The final light intensity at the photo-detector is calculated from the matrix product of all of them. 
Results and Discussion

Theoretical approach with the Mueller matrix analysis
The top Stokes vector component, S0, indicates the energy of the light, and thus we can expand this term in a Fourier series as follows: S0 = 1 -sin α cos γ cos 2f + sin α sin γ sin 2f sin δ + cos α sin 2f cos δ = 1 -J0(δ) (sin α cos 2f -cos α sin 2f cos δ) -2J1(δ) (-sin α sin 2f sin δ -cos α sin 2f cos δ) sin 2πft -2J2(δ) (sin α cos 2f -cos α sin 2f cos δ) cos 4πft -2J3(δ) …
where Jn(x) are Bessel functions of the nth order, f is a frequency in Hz of the PEM, and t is the elapsed time. As mentioned in our previous paper, 9 sin 2f and cos δ can be assumed to be unity, and the Eq. (1) can be simplified as:
When the retardation angle α is π/4, this equation is in agreement with Eq. (10) in our previous paper. 9 The OR modulation wave with an amplitude of 2J1(δ) at a frequency of f Hz is obtained in this optical system. But the CD wave at a frequency of f Hz does not appear under any values of α due to the absence of parameter f in the same term of Eq. (2), and that at a frequency of 2f Hz with small amplitude in the fourth term is offset by the lock-in amplifier.
Measurement of the phase retardation of the first-order diffraction beam
The pitch and the blaze wavelength of the stationary grating in the CD-2095 detector were 1200 lines mm -1 and 230 nm, respectively, but we used a grating blazed at 250 nm because we were unable to obtain the same grating. The phase retardation of the first-order beam did not significantly change at the incident angle of 40 -70 when the plane of the incident polarized beam was parallel or perpendicular to the grating grooves. But two ellipsometric parameters, i.e., the amplitude ratio (Ψ; amplitude ratio upon reflection between the p-and s-polarized lights) and the phase quantity (Δ; phase difference between the two lights), decreased with increasing incident angle when the radiation polarized was set at ±45 to the grooves. The wavelength of the incident beam was independent of the phase retardation for incident angles in the range of 280 -320 nm. Both angles of Ψ and Δ strongly depend on the angle between incident polarizing plane and the grating grooves for the case when the incident angle is 45 and wavelengths are between 280 and 320 nm (Fig. 2) . The polarization states of the reflection beams are indicated at top of this figure. The ellipticity of the reflection beam became larger as the angle between the incident polarized plane and the grooves increased from 0 to 45 , and the phase retardation reached a maxima at around π/4.
Next, we measured the polarization states of the first-order refraction beam. When the incident polarizing axis is parallel or perpendicular to the grating grooves, there is almost no phase retardation in the beam. Figure 3 illustrates the wavelength dependence of phase angle differences when the incident angle was 32.7 and the angle between the plane of incident polarized beam and the grooves was ±45 . At wavelengths ranging from 290 to 310 nm, the phase retardation of the refraction beam was around π/8. The angle Ψ was usually fixed at around 45 , which means that the major axis of the elliptically polarized beam obtained lies upon the incident polarizing axis. When the angle of the polarizing axis is set at -45 , the elliptical beam which rotates in the same direction but its major axis meets at right angles to that obtained at 45 . The major axis with radius √ -2 cos(α/2), where α is the phase retardation, lies upon the optical axis of PEM. Therefore, two linearly polarized beams whose axes are inclined to each other at an angle of ±α/2 are projected from the PEM. In OR detection, it is a great convenience to neglect the CD effect of the analytes. If the stationary grating in the CD-2095 detector causes the same phase retardation that is in refraction beam, OR detection would be possible even though the degree of retardation is insufficient.
Optimization of the angle between the incident polarizing axis and the grating grooves
The plane of the incident polarizing beam is perpendicular to the grating grooves in the CD-2095 detector. The angle of the polarizing axis is slightly changeable. We removed a clasp from the prism so it could be freely rotated. Figure 4 illustrates the effect of the rotation angle of the polarizing axis on the signal responses of glucose at 260 nm. The curves of the signal intensities of the glucose enantiomers twined round each other and the points of intersection corresponded to the rotation angle of the polarizer at nπ/2 (n is zero or a natural number). Although the signal intensity at around 45 was larger than that at around 135 , the wave forms of the enantiomers were symmetric with respect to the x-axis. Therefore, the peaks appear to arise from the chirality of glucose. Since glucose shows no absorption spectrum around 260 nm, they are clearly OR peaks. The difference in signal intensities at 45 and 135 is reflected by a retardation angle of first-order refraction beam that is smaller than π/4. The OR signal intensity is in proportion to tan(α/2) or tan(π/2 -α/2) based on the principle of polarized photometric detection, 16 because the linearly polarizing beams whose axes incline by ±α/2, or ±(π/2 -α/2), with respect to the axis of analyzer are irradiated to the flow-cell alternately. If the signal intensity at 45 is 4 times as high as that at 135 , α is estimated around 0.3π and its value is larger than that obtained from the grating blazed at 250 nm. These differences may be derived from the incident angles. The S/N ratios at 45 and 135 were not very different. When the angle of the polarizing axis was set at 45 , the optical axes between polarizer and analyzer met at right angles; this brought about an increase in not only the signal intensity but also the noise level due to a decrease in transmitted light. We fixed the angle between the polarizing axis and the grooves to 135 for subsequent experiments by considering the base line stability.
Measurement of ORD curves
The CD-2095 can measure the CD spectrum by means of stopped-flow. If the phase retardation of the first-order refraction beam does not strongly depend on the incident wavelength, the detector can measure the ORD curves by using the function described above. We obtained the ORD curves of sucrose and 4-androstene-3,17-dione (Fig. 5) . The ORD curve of sucrose that shows no absorption in the UV region was flat and was in agreement with the result obtained by polarized photometric detection. 16 Since the spectral resolving power of the CD-2095 detector is sacrificed to ensure high sensitivity, the ORD curve of androstene in a Cotton absorption region was anomalous and was not in close agreement with the ORD curve in reference, 17 but the two curves had similar shapes. These results suggest that the phase retardation of the first-order refraction did not strongly depend on the wavelength, and that the optical system can detect OR in the range of 220 -420 nm.
Features of the proposed OR detector
Generally OR dispersion curves are greatly changed at the Cotton absorption band, so utilization of this band might enhance the OR detection sensitivity which is no less than that in CD detection. The CD maximum of methyl mandelate is around 260 nm, and its OR maximum at the anomalous dispersion region is around 240 nm. Figure 6 illustrates the UV, OR, and CD chromatograms of methyl mandelate with an injection of 3 μg at each maximum wavelength. The light pathlength of each flow-cell is 10 mm except for CD that has a length of 20 mm. It would be untrue to say that CD detection is sensitive than OR. The specific rotation of methyl mandelate is +82.5 18 and this value is about equal to that of sucrose. As the detection limit of the traditional crossed Nichol prism system is around 1 μg of sucrose, 19 Fig. 6 reveals that the sensitivity of the proposed OR detector is far better than the traditional OR system. However, one of the disadvantages of the OR detection over the CD was pointed out that the OR has an uncertainty in defining the baseline, 20 because regions with no absorption have no CD signal. But CD is defined as the difference in absorbance between left-and right-circularly polarized beams, so we must pay special attention to the elimination of artifact peaks originated from instability of the PEM or the lock-in amplifier. To use the CD-2095 detector, it is essential to inhibit the effects of artifacts by adjusting the CD balancer. The CD/UV signal ratios of (+)-and (-)-methyl mandelate were 0.00464 ± 0.00015 and -0.0031 ± 0.00023, respectively, when each 500 μg mL -1 enantiomer standard solution was alternately injected 7 times into the HPLC with a CD detector. They were not well balanced. The repeatability study of OR detection was performed on 11 successive injections of enantiomers, and this procedure was repeated for three days. The average OR/UV signal ratios in three days of the enantiomers at the Cotton band were 0.0685 ± 0.0005 for the (+)-isomer and -0.0677 ± 0.0011 for the (-)-isomer, which are in fairly good agreement. The inter-day coefficients of variations ranged from 1.6 to 3.7%. The proposed OR detection was superior to CD in stability.
Conclusions
The present results confirm that there is a phase retardation in the first-order refraction beam refracted from the holographic grating. An OR detection system was constructed by exploiting this retardation effect. Since the proposed OR detector works over a range of UV wavelengths, there might be a few compounds whose OR signal intensity at the anomalous dispersion region was higher than the CD signal intensity. The stability of the detector was evaluated in terms of inter-day and intra-day precision.
In order to optimize the OR sensitivity, a phase retardation of 0.5π is required. But the retardation by the stationary grating estimated from the OR signal intensities is about 0.3π, which still leaves some room for sensitivity improvement. The signal intensity can be doubled if the grating is replaced with one whose pitch or blaze angle is sufficiently different from that of stationary grating to obtain a phase retardation of 0.5π. However, changing the optics might decrease the intensity of transmitted light, resulting in an increase in the noise level. By removing a clasp from the prism and placing an extra prism on the flow-cell, one can easily correct a Jasco CD-2095 Plus detector into an OR detector. The present optical system has excellent sensitivity and stability, and so we expect it to eventually replace the traditional crossed Nichol prism system. 
